A thorough understanding of carbon storage patterns in forest ecosystems is crucial for forest management to slow the rate of climate change. Here, we explored fine-scale biomass spatial patterns in a secondary warm temperate deciduous broad-leaved forest in north China. A 20-ha plot was established and classified by topographic features into ridge, valley, gentle slope, and steep slope habitats. Total tree biomass varied from 103.8 Mg/ha on the gentle slope habitats to 117.4 Mg/ha on the ridge habitats, with an average biomass of 109.6 Mg/ha across the entire plot. A few species produced the majority of the biomass, with five species contributing 78.4% of the total tree biomass. These five species included Quercus mongolica Fisch. ex Ledeb (41.7 Mg/ha, 38.1%), Betula dahurica Pall. (19.8 Mg/ha, 18.0%), Acer mono Maxim. (12.6 Mg/ha, 11.5%), Betula platyphylla Suk. (7.0 Mg/ha, 6.4%), and Populus davidiana Dode. (4.8 Mg/ha, 4.4%). The five species were also associated with certain habitats; for example, Q. mongolica was positively associated with the ridge habitat and A. mono was positively associated with the valley habitat. Results from this work document the variability in forest biomass across a warm temperate forest ecosystem of north China, with implications for managing and accounting forest carbon.
Introduction
Forests play a critical role in the Earth's carbon cycle, providing a major carbon reservoir and serving as a globally important carbon sink [1] [2] [3] . Most of the total carbon pool within forest ecosystems is stored as either plant biomass or soil organic matter (SOM). Carbon stored within the SOM pool is relatively stable [4] , whereas plant biomass carbon dynamics are closely related to patterns of ecological disturbance and forest stand dynamics that directly affect rates of carbon sequestration or release [5] . Losses in forest carbon have long been associated with land-use change and deforestation practices [6] [7] [8] , and recent studies have attributed global patterns in carbon sinks to the regrowth of forest biomass following past disturbance through either afforestation of non-forest land or forest development following management [9, 10] .
Within forested landscapes, the distribution of carbon stored in plant biomass and the rate of carbon sequestration can be variable at local scales, with potential impacts on management or land use decisions [11] . Local forest carbon dynamics are related to abiotic drivers of productivity such as soil type, topographic position, aspect, and elevation, as well as biotic factors such as species
Materials and Methods

Study Site and Data Collection
Xiaolongmen National Forest Park (115 • 26' E, 39 • 58' N) is located at the foot of Dongling Mountain in Beijing, China (Figure 1 ). The region is characterized by warm temperate deciduous broad-leaved forests, dominated by oak (Quercus mongolica) and maple (Acer mono). The study area has a temperate continental monsoon climate with a mean annual temperature of 4.3 • C and an annual precipitation of 589 mm [25] . The area is distributed with mountainous dark brown soil. Except for cliffs and ridges, the soil layer is generally above 30 cm, the surface litter layer is thick, the humus is well developed, and the soil is rich in organic matter. The region has a history of steel and iron production through the late 1950s, resulting in areas of secondary or planted forests that are generally 60 to 80 years old [26] . Selection harvesting during this period left some residual trees, with the largest oak trees about 100 years old. Since the 1950s, the region has been protected by the government in order to prevent water and soil loss and conserve biodiversity [27] . The study area was selected as representative of secondary forest in warm, temperate deciduous broad-leaved forest within the middle stages of succession in this region, and with generally similar land use history throughout [28, 29] .
In 2010, a 20-ha (400 × 500 m) permanent forest dynamics plot (DLS) was established in the core area of Xiaolongmen National Forest Park as part of the Chinese Forest Biodiversity Monitoring Network (CForBio; http://www.cfbiodiv.org/). All trees ≥1 cm diameter at breast height (1.3 m; DBH) were mapped, tagged, and identified to species following standard field procedures [30] . In total, we measured 52,681 trees across the entire plot, belonging to 51 species in 32 genera and 19 families. 
Habitat Classification
The study area was divided into a 20 × 20 m grid (500 cells). For each cell, we calculated values for four topographical attributes: elevation, convexity, slope, and aspect. These four topographic attributes were computed for each 20 × 20 m cell in this study area based on protocols described by Lai, et al. [31] and Legendre, et al. [32] . Elevation for each cell was calculated as the average of the elevation of each cell vertex. Convexity was calculated as the elevation of the target cell minus the mean elevation of the eight surrounding cells. To determine slope and aspect, four triangular planes were created for each cell by connecting three of its corners. Slope was the deviation from horizontal for the mean of the four triangular planes, and aspect was calculated as the direction the slope faces. The negative cosine transformation of the aspect was used to be consistent with light intensity. The topographical information from each grid cell was used for habitat categorization using the Ward's D hierarchical cluster analysis, which was computed with the "hclust" [33] .
Forest Characteristics
Forest structure was described based on quadratic mean diameter (QMD), basal area, tree density, species richness, and biomass. The basal area was calculated as the sum of the cross-sectional areas of each stem at breast height and secondary stems at breast height that branched from the main stem below breast height. Total tree biomass was defined as the dry mass (Mg/ha) of all living trees with DBH ≥ 1 cm and was estimated using allometric equations (Table A1 ). For individuals with multiple stems, we summed the calculated biomass of each stem. Tree heights required for the allometric equations were estimated following the method described by Fang, et al. [34] . We used univariate analysis of variance (ANOVA) to determine effects of habitat (as identified through the cluster analysis) on each of the forest characteristics. Most values are reported as means ±95% confidence intervals (CI). To estimate 95% confidence intervals, 1000 bootstrap replicates for each 20 × 20 m subplot were generated.
Relative Contributions of Species to Total Biomass in Different Habitats
For each of the habitats identified through the cluster analysis, we determined the 10 tree species with the greatest biomass in each habitat and the entire plot. A modification of the torus-translation randomization test [35] was used to test whether a given species significantly contributed to the biomass of one or more habitat types. The 1999 translated maps were produced to provide a value of 
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Relative Contributions of Species to Total Biomass in Different Habitats
For each of the habitats identified through the cluster analysis, we determined the 10 tree species with the greatest biomass in each habitat and the entire plot. A modification of the torus-translation randomization test [35] was used to test whether a given species significantly contributed to the biomass of one or more habitat types. The 1999 translated maps were produced to provide a value of expected relative contribution. The observed relative contribution of a species was compared to the frequency distribution of expected values. If the observed value was ≤2.5% or ≥97.5% of the expected values, it was considered to have a significantly lower or higher contribution, respectively, to the habitat at a significance level of 0.05.
The relationships between biomass and environment (elevation, convexity, slope, aspect) and forest structure (quadratic mean diameter, basal area, tree density and species richness) were analyzed using spatial simultaneous autoregressive models at the cell level using the 'spatialreg' package. Models were run for the entire plot and for each habitat type, with the lowest AIC value indicating the best model fit. We calculated model efficiency (EF) following McEwan et al. [12] , with EF = 1 indicating a 1-to-1 fit and values further from 1 indicating decreasing fit. All analyses were carried out using R version 2.12.
Results
Habitat Types
The DLS was spatially heterogeneous; elevation, convexity, slope, and aspect were 1394 m (range: Table 1 ). The valley habitat type was the largest (6.76 ha, 33.8% of the total area), and the steep slope habitat type was the smallest (3.48 ha, 17.4% of the total area).
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Results
Habitat Types
The DLS was spatially heterogeneous; elevation, convexity, slope, and aspect were 1394 m (range: 1292.2-1506.3 m), 0.03 m (−7.5-4.4 m), 32.0° (8.5°-48.5°), and 105.9° (0.1°-358.9°), respectively. The DLS was categorized into four habitats: ridge, valley, steep slope, and gentle slope ( Figure 2 and Table 1 ). The valley habitat type was the largest (6.76 ha, 33.8% of the total area), and the steep slope habitat type was the smallest (3.48 ha, 17.4% of the total area). 
Forest Characteristics across Habitat Types
Biomass averaged 109.6 Mg/ha (95% CI: 107.0-112.3 Mg/ha; Table 1 ) across the entire plot, and a total of 13 species made up the 10 highest biomass species for all habitat types. Jointly, these species contributed more than 95.0% of the total biomass in the plot ( Table 2) .
The five most common species contributed 78.4% of the total biomass, and the 10 most dominant tree species accounted for 91.1% of the total tree biomass. These five most important species were Quercus mongolica (41.7 Mg/ha, 38.1%), Betula dahurica (19.8 Mg/ha, 18.0%), Acer mono (12.6 Mg/ha, 11.5%), B. platyphylla (7.0 Mg/ha, 6.4%), and Populus davidiana (4.8 Mg/ha, 4.4%). In general, Q. mongolica had the largest mean QMD except for on the gentle slopes, and A. mono was the most abundant across habitat types (Table 3 ). Forest structure significantly differed among these four habitat types ( Table 1 ). The gentle slope had the lowest basal area (21.4 m 2 /ha, 95% CI: 20.3-22.6 m 2 /ha) and the lowest biomass (103.8 Mg/ha, 95% CI: 97.9-109.5 Mg/ha), whereas the ridge had the greatest basal area (25.8 m 2 /ha, 95% CI: 24.7-26.9 m 2 /ha), the lowest richness (10.3, 95% CI: 9.7-10.9), and the greatest biomass (117.4 Mg/ha, 95% CI: 112.1-122.9 Mg/ha). Basal area, richness, and biomass significantly differed between the gentle slope and the ridge. The steep slope had the greatest tree density (5965 trees/ha, 95% CI: 5426-6698 trees/ha).
Habitat-Specific Differentiation in Biomass Contribution
Of the 52 torus-translation tests, we found 19 significant associations of species with habitat types. Ten of the 13 most dominant tree species showed significant associations with one or several of the four habitat types (Table 2) , with only Syringa pubescens, Ulmus macrocarpa and U. pumila not significantly associated with any habitat type. Steep slopes were positively associated with Fraxinus rhynchophylla and Tilia mongolica, and gentle slopes were positively associated with Beula dahurica, B. platyphylla, Sorbus discolor, and U. laciniata. The valley habitats were positively associated with Acer mono, Populus davidiana, and U. laciniata, whereas the ridge habitats were positively associated with Quercus mongolica.
No environmental variables were consistent significant predictors across the different habitat types. Although aspect was significant on steep slopes and slope was significant on gentle slopes, AIC indicated these were not the best predictors and EF < 0 for both relationships. Based on the AIC values, basal area was the best predictor of biomass across all habitat types and the entire plot (Table 4 ). According to EF, the fit was strongest on gentle slopes (EF = 0.76), steep slope (EF = 0.67), and ridge (EF = 0.59) but poor on valley habitats and across the entire plot (EF < 0). * Only significant slope values are shown (p < 0.05). The negative cosine transformation of the aspect was used in the linear regression. The number before wave line is intercept, the number after wave line is slope, and value in parentheses is AIC.
Discussion
The biomass estimates from this study are consistent with previously published reports, with global patterns of forest biomass generally increasing from temperate to tropical regions [12, 36] . Aboveground biomass estimates in some tropical forests may exceed 400 Mg/ha, whereas aboveground biomass in temperate regions have commonly been reported < 200 Mg/ha [12, 37] . In China, studies have reported total tree biomass estimates up to nearly 300 Mg/ha in temperate regions (Figure 3 ). Reports of the greatest biomass in this region have been from broad-leaved Korean pine forests [38, 39] , although reports from oak forests have ranged widely (Figure 3 ). Biomass in birch and oak forests at Dongling Moutain ranged from 91.6-100 Mg/ha to 70-75.4 Mg/ha between 1992 and 1994 [34] , and Sang, et al. [40] reported biomass of a warm temperate deciduous broad-leaved forest at 122.24 Mg/ha. While considerable variability has been reported for biomass values within temperate forests of China (Figure 3) , studies have also documented the associated between forest age and biomass. For example, at Xiaoxing'an Mountains, oak forest biomass increased with increasing stand age, with 11.5 Mg/ha biomass at 24 age and 137.8 Mg/ha biomass at 101 age [41] . Results from our study fall near the middle of the biomass range for many of the reported studies, although we anticipate that biomass will increase as the forest continues to age.
Comprehensive understanding of carbon dynamics within forest systems requires information at several spatial scales. Information at broad spatial scales is necessary for generating national or global carbon budgets. Previous studies have noted that challenges with accurate forest carbon or biomass accounting have been improved by using consistent and robust field surveys of forest conditions [18, 42, 43] . However, the sampling protocols on national scales, such as the Forest Inventory and Analysis program in the United States, often sample at a plot intensity of one per > 1000 ha of land, a scale that cannot describe local variability in biomass stocks. Recent efforts to integrate remote sensing data with field inventory data show promise for improving the accuracy of broad-scale biomass and carbon estimates but are challenged to capture fine-scale variability missed by the field inventory [44, 45] . The fine-scale sampling across the 20-ha plot in our study provides valuable information that is not available through from plot-based forest inventories. For example, the results demonstrate variability and patterns across different spatial scales, with examples of high local variability in forest biomass among adjacent grid cells (the 20 × 20 m scale) as well as broader patterns throughout the plot (e.g., relatively low biomass within the northeastern corner). Previous work from the study area estimated 122 Mg/ha biomass for this forest type based on forest inventory plots [40] , suggesting that the overestimation of biomass was related, in part, to coarse sampling across local variability and habitat types. biomass accounting have been improved by using consistent and robust field surveys of forest conditions [18, 42, 43] . However, the sampling protocols on national scales, such as the Forest Inventory and Analysis program in the United States, often sample at a plot intensity of one per > 1000 ha of land, a scale that cannot describe local variability in biomass stocks. Recent efforts to integrate remote sensing data with field inventory data show promise for improving the accuracy of broad-scale biomass and carbon estimates but are challenged to capture fine-scale variability missed by the field inventory [44, 45] . The fine-scale sampling across the 20-ha plot in our study provides valuable information that is not available through from plot-based forest inventories. For example, the results demonstrate variability and patterns across different spatial scales, with examples of high local variability in forest biomass among adjacent grid cells (the 20 × 20 m scale) as well as broader patterns throughout the plot (e.g., relatively low biomass within the northeastern corner). Previous work from the study area estimated 122 Mg/ha biomass for this forest type based on forest inventory plots [40] , suggesting that the overestimation of biomass was related, in part, to coarse sampling across local variability and habitat types. Biomass varied substantially among the four habitats in our study, with the ridge sites supporting the greatest biomass and the gentle slope positions having the least. The four habitat types differed in topographic features, with ridge sites noted at the highest elevations and with the greatest convexity. In contrast, the valley habitats had the lowest convexity. Due to the rugged, incised character of the landscape, the ridge and valley habitats were not flat positions, although their slopes Biomass varied substantially among the four habitats in our study, with the ridge sites supporting the greatest biomass and the gentle slope positions having the least. The four habitat types differed in topographic features, with ridge sites noted at the highest elevations and with the greatest convexity. In contrast, the valley habitats had the lowest convexity. Due to the rugged, incised character of the landscape, the ridge and valley habitats were not flat positions, although their slopes were intermediate between gentle and steep slope habitats. In addition, aspect was not found to strongly drive the habitat types, as none of the habitat types was identified as strongly associated with a single aspect. Topographic features, including those used to classify the habitats in this study, have commonly been associated with forest productivity. Terrain shape, aspect, and slope are commonly important drivers of nutrient and water availability [52] [53] [54] . In temperate forests of North America, productivity was found to decrease from cove to ridge positions and from low to high elevations, both of which associate with nutrient and water availability [15] , and in the Shaanxi Province of interior China productivity generally decreased with elevation across the range observed in our study [55] .
In addition to site productivity, forest biomass is also associated with interactions with disturbance patterns across topographical conditions. For example, in a subtropical forest in Taiwan, high aboveground biomass was found in flat areas that were protected from landslides caused by heavy rains during typhoons [12] . Despite greater soil productivity, lower stand biomass was also reported for low slope positions due to higher mortality from treefall during wet conditions in tropical rainforests of the Amazon basin [56] . In our study area, the history of anthropogenic disturbance, with selective harvesting for the developing iron and steel industries in the late 1950s, likely contributes to the patterns of forest biomass. For example, the greatest forest biomass was located on the ridge habitats, where trees were likely retained during the cutting period to block wind and stabilize soil on the ridge, although documentation of such patterns do not exist.
Legacy effects of past land use likely contribute to the successional development across the study area, with forest biomass previously reported to increase with stand age. For example, at Bingla Mountain, the oak forest biomass increased from 112 Mg/ha to 276 Mg/ha as forest age from 20 to 55 years old [48] . The forest of our study was generally 60 years old, although variation in stand age exists across the study area. Forest structural characteristics suggest that the ridge habitats may include older trees, in that the stands had relatively large QMD, basal area, and tree numbers. In contrast, the high tree number and lower QMD on steep slopes suggest these stands have abundant, small trees, often characteristic of early stages of stand development [57] . The strong relationship observed between stand basal area and biomass was expected because tree diameter is used to calculate both variables.
Similar to many previous studies (e.g., [13, 58, 59] ), our results indicate that only a few species contributed to most of the tree biomass within the study area. Although the plot had 51 species, only five species accounted for 78.4% of the biomass and only 10 species accounted for 91.1% of the biomass. Several previous studies have found positive relationships between biodiversity and productivity in temperate forests [14, 60, 61] , although the relationship has not been consistent across studies [62, 63] . In temperate forests ecosystems, tree diversity is affected by complex interactions of climate, disturbance/successional development, herbivory, and other biological constraints [64] [65] [66] [67] . Patterns of species dominance change through successional development [68] , and much of the study area was relatively young following recovery from past land use.
We observed several patterns in species association with habitat types, although we found a few species (Quercus mongolica, Acer mono, and Betula dahuric) to be dominant across all sites types. Previous work from our study area found that the most dominant species on the site exhibited fewer patterns of spatial aggregation than rare species [29] . Despite the widespread distribution of A. mono, in particular, across the plot [29] , our results demonstrate stronger association with the valley habitats than the ridge habitats, likely due to the greater nutrient and water availability within protected, concave landscape positions. In contrast, Q. mongolica, which was identified as the dominant species in each habitat excluding the gentle slope, was positively associated with the ridge habitats, representing harsher conditions that commonly favor the ecology of oak species [69] . Several species showed positive association with the gentle slope habitat type, including Betula dahurica, B. platyphylla, Sorbus discolor, and Ulmus laciniata. This habitat type was characterized by higher elevation and relatively concave landscape position, suggesting more mesic conditions suitable for the silvics of these species.
In general, the patterns of species composition and forest structure suggest the study area is transitioning through forest succession. Across all habitat types, Q. mongolica is a dominant canopy species, with the greatest DBH and basal area contribution for each habitat type excluding the gentle slopes. In contrast, the midstory across the entire study area is dominated by A. mono, indicative of successional transition from early successional birch forest to more shade-tolerant, mesic species exemplified by maple [70] [71] [72] . Through time, it is unclear if patterns of species composition across habitat types will change as localized tree mortality provides canopy openings for regeneration [70] or if species associations with habitat types will become stronger due to constraints on regeneration processes.
Intensively measured research plots, such as in this study, have long been used to describe detailed patterns in forest ecosystems (e.g., [73] [74] [75] ). These plots provide valuable fine-scale data on ecosystem processes, forest dynamics, and patterns of variability at local scales. Individually, the plots reflect the local conditions within which they occur, and interpretation or extrapolation may be constrained to those specific conditions. In our study, the forest dynamics plot is located within a representative temperate, broad-leaved forest of the region and has been protected for over 60 years [28, 29] . However, as with any forested landscape, the conditions we observe are influenced by not only the physical conditions of the area but also the legacy of past land use, indicating the importance of understanding context for interpretation. Recent efforts to increase the number of forest dynamics plots and coordinate efforts across plot networks provide critical opportunity for linking biomass data across spatial scales [76] .
Conclusions
By establishing a large (20-ha) forest dynamics plot, we report on fine-scale variability and patterns in forest biomass across habitat types and tree species. Traditional forest inventory approaches commonly used in regional or national accounts of forest carbon sample at intensities at which one plot would represent our entire study area. Our results indicate important variability associated with habitat type, with tree biomass ranging from 103.8 Mg/ha on gentle slopes to 117.4 Mg/ha on ridge habitats. The mean biomass across the entire plot was 109.6 Mg/ha, falling within the range of biomass estimates reported for temperate ecosystems in China. Only a few tree species produced the majority of the biomass, with several of the species demonstrating association with specific habitat types. In general, the study area was dominated by Q. mongolica in the overstory and A. mono in the smaller diameter classes. Of the local topographic and stand characteristics measured in the study, forest biomass was most strongly, positively related to stand basal area and, to a lesser degree, to quadratic mean diameter. However, the weak relationships between topographic variables and biomass highlight the importance of composite descriptions of habitat types for estimating forest attributes such as biomass.
Our results provide information useful for both managing forest carbon and improving carbon accounting by providing baseline information on biomass for temperature forests of northern China. We expect that biomass will increase as the forest ages, although species composition may change through successional processes that vary across the habitat types. Understanding the fine-scale patterns in forest biomass and associated drivers, such as topographic features and species composition, can further improve accuracy of forest carbon estimates and be integrated with other data sources to scale up to broader estimates.
